Background: Radial probe endobronchial ultrasound (R-EBUS), is effective for tissue diagnosis of lung lesions. We evaluated the diagnostic performance of R-EBUS both a guide-sheath and fluoroscopy and identified factors associated with accurate diagnosis. The feasibility of molecular and genetic testing, using specimens obtained by R-EBUS, was also investigated. Methods: The study retrospectively reviewed 211 patients undergoing R-EBUS without a guide-sheath and fluoroscopy, June 2016-May 2017. After excluding 27 patients of which the target lesion was not reached, 184 were finally included. Multivariate logistic regression was used, to identify factors associated with accurate diagnosis. Results: Among 184 patients, R-EBUS-guided biopsy diagnosed malignancy in 109 patients (59%). The remaining 75 patients (41%) with non-malignant results underwent additional work-ups, and 34 were diagnosed with malignancy. Based on final diagnosis, diagnostic accuracy was 80% (136/170), and sensitivity and specificity for malignancy were 76% (109/143) and 100% (27/27), respectively. In multivariate analysis, peripheral location (adjusted odds ratio [aOR], 3.925; 95% confidence interval [CI], 1.203-12.811; p=0.023), and central position of the probe (aOR, 2.435; 95% CI, 1.424-7.013; p=0.035), were associated with accurate diagnosis of malignancy. Molecular and genetic analyses were successful, in all but one case, with inadequate specimens. Conclusion: R-EBUS-guided biopsy without equipment, is effective for tissue diagnosis. Peripheral location and central position of the radial probe, were crucial for accurate diagnosis. Performance of molecular and genetic testing, using samples obtained by R-EBUS, was satisfactory.
Introduction
In the era of precision medicine, acquisition of adequate tissue in lung cancer patients is important for a diagnosis 1 . Minimally invasive tissue sampling is warranted for the diagnosis and molecular testing in these patients in order to decrease the complication and manage the lung cancer 2 . Because conventional bronchoscopy can produce a suboptimal diagnostic yield for tissue sampling in peripheral lung lesion 3 , promising new modalities include radial probe endobronchial ultrasound (R-EBUS), electromagnetic navigation bronchoscopy (ENB), and virtual bronchoscopy (VB) [4] [5] [6] [7] are being introduced in the clinical practice.
R-EBUS is a long, thin ultrasound probe with a 360° view of the surrounding lung 8 that can be used with or without additional equipment, such as a guide-sheath (GS) and fluoroscopy. The reported diagnostic yield of R-EBUS-guided biopsy varies with the procedure type 9, 10 . GS with fluoroscopy is commonly used in combination with radial ultrasound to maintain the probe in the target lesion and optimize the transbronchial lung biopsy (TBLB) because TBLB cannot be performed under real time guidance. Although it can improve the diagnostic yields of peripheral lung nodules, this has also several drawbacks related with a risk of radiation exposure and additional cost of the GS. In addition, R-EBUS-guided TBLB should be performed using small sized forcep to pass the GS, which may obtain inadequate tissue for molecular and genetic analysis. Due to these limitations, transbronchial biopsy using radial ultrasound without additional equipment may be performed with a method of direct distance measure [11] [12] [13] . Regarding this method, diverse factors may affect the accuracy of diagnosis and appropriate selection of the patient is important to success the diagnosis of lung nodule 12, 14 . In this study, we evaluated the diagnostic performance of R-EBUS without both a GS and fluoroscopy and identified the factors associated with an accurate diagnosis of malignancy. The feasibility of molecular and genetic testing using the R-EBUS biopsy was also investigated.
Materials and Methods

Study population
In our institution, R-EBUS was introduced in January 2016. The first 5 months were considered as learning period and 22 cases of procedures in the period were not included in this study. This study retrospectively reviewed 211 consecutive patients who underwent R-EBUS-guided TBLB from June 2016 to May 2017 for diagnosing lesions difficult to reach using flexible bronchoscopy. After excluding 27 patients (13%) in whom the probe failed to reach the target lesions, this study enrolled 184 patients (87%) with biopsy specimens that were obtained using R-EBUS.
Procedure and equipment
Before R-EBUS-guided TBLB, bronchoscopic evaluation was performed under conscious sedation induced with midazolam and fentanyl to evaluate tracheobronchial tree. A 4-mm bronchoscope (BF P260F; Olympus, Tokyo, Japan) was used to reach the sub-subsegmental level nearest to the suspected tumor after reviewing computed tomography (CT) or positron emission tomography-CT images. Then, the R-EBUS probe (1.4-mm, 20-MHz, UM S20-17S; Olympus) was inserted through the bronchoscope working channel. When the target was found on ultrasound, the length of the probe inserted between the tip of the R-EBUS and outer level of the working channel was measured. After the probe was removed, a 1.8-mm biopsy forceps was marked at the same length using tape and inserted through the working channel for TBLB. No GS or fluoroscopy was used.
Definitions of characteristics on CT and ultrasound
The location of the lesions on CT was classified as "central" (inner one-third of the hemithorax) or "peripheral" (outer twothirds of the hemithorax). The bronchus sign on CT was categorized as "central", "adjacent", or "invisible" 15 . In the "central" type, the nearest bronchus clearly reached the target lesion, while in the "invisible" type, no bronchus was detected around the lesion; otherwise, it was categorized as "adjacent" ( Figure  1A ) 15 
.
The ultrasound findings were classified as "within" (the radial probe was within the center of the target lesion and completely surrounded by the lesion) or "adjacent" (the radial probe was adjacent to the target lesion and not completely in contact with the lesion) ( Figure 1B 
Definition of diagnostic classification
Based on the biopsy obtained by R-EBUS, the result was primarily classified as malignant or non-malignant. A malignant diagnosis was a primary or metastatic cancer on R-EBUSguided biopsy and was designated as true-positive. Nonmalignant result included a few atypical cells, granuloma, and non-specific inflammation; these underwent further evaluation to obtain a final diagnosis and the patients finally diagnosed with malignancy were considered false-negative. Benign disease was considered true-negative and included infectious disease caused by a specific etiology, organizing pneumonia with focal lesion, and lesions that markedly improved in follow-up images and were judged as benign by the attending physician. In cases with non-malignant results not diagnosed with specific benign disease, if cases did not show definite size decrease during follow-up or were lost to follow-www.e-trd.org up, the final diagnosis remained unknown.
Statistical analysis
Continuous variables are presented as medians (interquartile range [IQR] ) and categorical variables as numbers (percentages). To estimate diagnostic performance, the sensitivity for a malignant result, specificity, and positive and negative predictive values of the R-EBUS procedure were calculated. Diagnostic accuracy was calculated by dividing the number of true-positives and true-negatives by the total number of cases, excluding those with unknown results. To investigate factors affecting the accuracy of diagnosis of malignancy, univariate and multivariate logistic regression with backward selection were performed. A two-sided p-value <0.05 was considered significant. All data were analyzed with SPSS software version 24.0 (IBM Corp., Armonk, NY, USA).
Ethics statement
This study was approved by the Institutional Review Board of Samsung Medical Center (IRB No. 2017-09-058). The requirement for informed consent was waived with respect to the use of medical data, because the patient information was anonymized and de-identified before analysis. Table 1 summarizes the baseline characteristics of the patients who underwent biopsy using R-EBUS. Their median age was 65 years (IQR, 58-73 years) and 93 (51%) were male. Forty-one patients (22%) had underlying lung disease, including chronic obstructive pulmonary disease, lung fibrosis, and pneumoconiosis. The tumor was smaller than 30 mm in 89 patients (48%) and the median size was 32 mm (IQR, 24-42 mm). The most common tumor location was the right upper lobe (n=46, 25%) and the majority (89%) were located in the peripheral zone. The lesions were classified as solid (80%), partly solid (18%), or ground-glass opacity (2%) types. The bronchus sign on CT was the central type in 98 (53%) cases, adjacent type in 73 (40%), and invisible type in 13 (7%). The probe was located within the lesion in 78 (42%) cases and adjacent to the lesion in 106 (58%) cases. Figure 2 shows the initial result and final diagnoses. Of the 184 patients, 109 (59%) were diagnosed with malignancy by R-EBUS-guided biopsy. In 75 patients (41%) with nondiagnostic results, further work-ups were performed, including surgical resection (n=25, 33%), lymph node biopsy (n=3, 4%), percutaneous needle biopsy (n=5, 7%), follow-up imaging (n=29, 39%), and culture for respiratory specimens (n=9, 12%). Of these 75 patients, 34 (45%) were diagnosed with ma- Figure 1 . (A) Bronchus sign on computed tomography. They were categorized into three types. "Central" type was defined as the nearest bronchus, clearly reached the target lesion and "invisible" type was defined as no bronchus, was detected around the lesion and otherwise, was categorized as "adjacent." (B) Bronchus sign on ultrasound. They were categorized into two types. The radial probe within the center of the target lesion, and completely surrounded by the lesion was classified as "within". The radial probe adjacent to the target lesion, and not completely in contact with the lesion, was defined as "adjacent. " Tuberc Respir Dis 2019;82:319-327
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www.e-trd.org lignancy and the other 27 (36%) were diagnosed with benign disease including specific infections such as tuberculosis (n=6) and non-tuberculous mycobacterial infection (n=2), aspergilloma (n=1), and bacterial infection (n=3) which showed response to antibiotic treatment and other specific disease such as organizing pneumonia (n=1) and IgG4 related disease (n=1) and the lesions improved in follow-up images were judged to be benign (n=13). However, the final diagnosis remained unknown in 14 patients (19%) because there were no changes within 2 years on follow-up CT images or lost to follow-up. Overall, malignancy was diagnosed in 143 of 184 patients (78%), with 27 true-negatives (15%) after adequate investigations.
In four cases of ground-glass opacity, R-EBUS-guided biopsy diagnosed one case with adenocarcinoma and the three were non-malignant results. The final diagnosis was three adenocarcinomas and one inflammatory lesion.
Diagnostic performance
After excluding the 14 patients with unknown diagnoses, the diagnostic performance of R-EBUS in 170 patients was calculated ( Table 2 ). Based on the initial and final outcomes, the accuracy, calculated as the sum of true-positive (n=109, 64%) and true-negative (n=27, 16%) divided by the total number (n=170), was 80%. Because of false negatives (n=34, 20%), the sensitivity and negative predicted value were calculated as 76% and 44%, respectively.
In the 143 patients who were ultimately diagnosed with malignancy, diagnostic performance was calculated according to each baseline characteristic (Figure 3) . The highest diagnostic accuracy was observed when the lesion was in the middle lobes (85%) and the radial probe was located within the lesion (84%). The lowest diagnostic accuracy was seen when the lesion was located centrally on CT (53%).
Factors for accurate diagnosis with R-EBUS-guided biopsy in patients with malignancy
In patients ultimately diagnosed with malignancy, the factors associated with an accurate diagnosis were investigated ( 
Molecular and genetic analyses in malignant cases with R-EBUS-guided biopsy
In some patients diagnosed with malignancy using R-EBUS, Values are presented as median (interquartile range) or number (%). CT: computed tomography; US: ultrasonography. www.e-trd.org the specimen obtained with the R-EBUS procedure underwent molecular and genetic analysis (Table 4) . Of the specimens from 109 patients with malignancy, epidermal growth factor receptor (EGFR) mutation testing was performed in 64 specimens (59%), and 1 (2%) failed due to inadequate specimens. The cases with sufficient specimens (n=63, 98%) underwent the analysis. A specimen diagnosed as adenocarcinoma underwent EGFR mutation, anaplastic lymphoma kinase (ALK) immunohistochemistry (IHC) and programmed death-ligand 1 (PD-L1) IHC genetic analyses and there were sufficient specimens for EGFR mutation, ALK IHC, and PD-L1 IHC testing in 98%, 100%, and 94% of the adenocarcinoma cases, respectively.
Complications
In a total 184 patients, nine cases of pneumothorax (4.8%) occurred. Of them, three patients required chest tube insertion and the rest six were improved with conservative care including oxygen supply. Pneumonia occurred in only one case (0.5%) treated with oral antibiotics.
Discussion
This study investigated the diagnostic performance of R-EBUS without both a GS and fluoroscopy and the diagnostic Values are presented as number of patients. *Of 184 patients, 14 patients of which final diagnosis remained unknown, were excluded. R-EBUS: radial-probe endobronchial ultrasound. accuracy, sensitivity, and negative predictive value were 80%, 76%, and 44%, respectively. The independent factors influencing an accurate diagnosis in R-EBUS-guided biopsy were a peripherally located lesion and the "within" type of bronchus sign on ultrasound. Moreover, molecular and genetic analyses were performed successfully with sufficient material in most (63/64, 98%) cases. The reported diagnostic performance of R-EBUS ranges from 46% to 91% 16, 17 and the overall diagnostic yield in a recent meta-analysis was 71% 9 . The reason for the variation in diagnostic performance is that the R-EBUS procedure can involve several tools, including a GS 14, 15, 18, 19 , fluoroscopy 20 , or both 17, 21 . Although these tools can help enhance the accuracy 21 , the R-EBUS procedure done without these tools reduce the cost of procedure, as well as the risk of radiation exposure [11] [12] [13] . Moreover, Zhang et al. ' s study 22 suggested the diagnostic yield with R-EBUS with distance-measurement is not inferior to the yield with R-EBUS with GS. In studies with R-EBUS procedure with distance-measurement method, the reported diagnostic accuracy was 77%-87% 11, 12, 23 and we achieved an 80% diagnostic yield. Although R-EBUS-guided TBLB showed comparable accuracy to transthoracic needle biopsy 24 , the relatively high rate of false-negatives resulted in low negative predictive values (44%-46%), including in our study 25 . Bronchial brushing we did not use in this study could be good additional tool to improve the diagnostic rate 26 . To lower the rate of falsenegative results and enhance the accuracy, further studies of various methods using R-EBUS are warranted.
In addition to R-EBUS, promising techniques for interventional bronchoscopy of peripheral lung lesions include ENB 27 and VB 7, 28 . The reported diagnostic performance was 74% with ENB 4 and about 80% with VB 29, 30 and the combination of these modalities achieved success rate of 80%-81% (R-EBUS and VB) 5, 31 and 63%-73% (R-EBUS and ENB) 32, 33 . There was no clear indication for these tools, thus the comparisons and combinations to establish proper use are still required.
Various predictors associated with an accurate diagnosis have been suggested, including a middle lobar location of the lesion 16, 18 and the bronchus sign on CT 15, 18 . Other studies have emphasized larger sized 6, 18, 20, 21, 25, 26 , and solid lesions, rather than ground-glass opacity 18 , and malignant rather than benign lesions 9, 10, 25 . Consistent with previous studies, we found that probe position within the lesion on ultrasonography predicted the accuracy of diagnosis 6, 14, 21, 25 . In addition, this study demon- Figure 3 . Diagnostic performance of R-EBUS-guided biopsy, based on clinical characteristics in patients with malignancy (n=143). R-EBUS: radial probe endobronchial ultrasound; GGN: ground glass nodule; CT: computed tomography; US: ultrasonography. www.e-trd.org strated a peripheral location was also an important factor. The most like reason was that it was difficult to maintain positioning of the bronchoscope in the target bronchus for a central lesion without a GS in contrast to the case of a peripheral lesion; the radial probe and a 4-mm thin bronchoscope could access the target bronchus more closely without a GS. Placing an emphasis on these factors could be helpful and further studies to identify the patients most likely to benefit from R-EBUS are needed.
Regarding the feasibility of molecular and genetic testing, the reported likelihood of obtaining sufficient specimens for EBUS-guided trans-bronchial needle aspiration was high 34 . In ENB, adequate tissue was obtained in 80% of the cases that in which molecular genetic testing was attempted 35 . However, there is limited information on the efficacy of genetic testing using samples obtained by R-EBUS. Two studies reported genotyping analyses, one using excess brushing samples, which had a 95% success rate 36 and another using a 1.5-mm microbiopsy forceps, which had a 67%-89% success rate in non-squamous cell non-small cell lung cancer 37 . We obtained a sufficient tissue sample in almost all cases (94%-100%) for studies including EGFR, ALK IHC, and PD-L1 IHC, perhaps because the procedure without a GS allowed for optimized tissue sampling through use of bigger (1.8 mm) biopsy forceps.
This study had several limitations. First, it was conducted only by a single experienced physician in a center retrospectively, so a potential selection bias could exist and therefore, diagnostic rate might be overestimated. Second, the length of procedure time and the number of biopsy were not analyzed because they were not measured in this study. Finally, molecular and genetic testing were not performed in all cases. However, these analyses were performed in a considerable proportion of the patients and relatively high efficacy was achieved.
In conclusion, R-EBUS-guided biopsy without both a GS and fluoroscopy is useful for tissue diagnosis. A peripheral location and the probe position during the procedure were important for an accurate diagnosis. Moreover, molecular and genetic testing using samples obtained by R-EBUS were highly satisfactory. Further studies should identify the patients who would most benefit from R-EBUS.
